Background: The pathogenesis of non-alcoholic fatty liver disease (NAFLD) has not been well recognized yet. Objective: This study aimed to investigate the association between serum magnesium concentration and NAFLD. Methods: Study participants were healthy individuals who had undergone liver biopsies between January 2012 and August 2015 as a routine pre-transplant check-up before living donor liver transplantation. Liver biopsy specimens were evaluated by an expert pathologist regarding presence of hepatic steatosis and steatohepatitis. Serum magnesium concentration was measured and compared in those with normal liver biopsy and those with steatosis and steatohepatitis. Results: A total of 226 individuals were included. Eighty-two individuals (36.2%) had hepatic steatosis and 22 (9.7%) individuals had steatohepatitis and steatosis in their liver histology. Lower serum magnesium concentration was independently associated with hepatic steatosis (OR: 0.059; 95% CI: 0.011-0.325, p ¼ 0.001). Serum magnesium concentration was independently associated with steatohepatitis compared to those without steatohepatitis (1.80 AE 0.48 mg/dl and 2.18 AE 0.31 mg/dl) (OR: 0.11; 95% CI: 0.02-0.41, p ¼ 0.001). Serum magnesium concentration was significantly lower in individuals with steatohepatitis (1.80 AE 0.48 mg/dl) compared to individuals without steatosis (2.23 AE 0.31 mg/dl, p < 0.001) and individuals with only steatosis (2.07 AE 0.29 mg/dl, p ¼ 0.017). Conclusion: Serum magnesium concentration is independently associated with hepatic steatosis and steatohepatitis in our study population.
Introduction
The prevalence of non-alcoholic fatty liver disease (NAFLD) is increasing and is now considered the most common cause of abnormal liver enzymes worldwide. 1 The highest prevalence of NAFLD has been reported in Middle Eastern and South American countries. 1, 2 The spectrum of NAFLD ranges from simple hepatic steatosis to non-alcoholic steatohepatitis (NASH) that may eventuate in liver cirrhosis. 3 Patients with NAFLD also have substantial risk for development of hepatocellular carcinoma (HCC) compared to the general population. 4 NAFLD is supposed to be correlated with metabolic syndrome and its components, and some consider NAFLD as hepatic manifestation of metabolic syndrome. 5 However, up to 30% of NAFLD patients are non-obese and only 20% to 80% of NAFLD patients fulfill criteria for metabolic syndrome. 6, 7 The pathogenesis of NAFLD has not been well recognized, although several mechanisms have been proposed. Abnormalities of hormones and micronutrients have been reported in pathogenesis of NAFLD. 8 Thyroid hormone abnormalities, alterations of adipocytokines such as adiponectin and leptin, have been proposed. [9] [10] [11] Among vitamins and micronutrients, vitamin D deficiency has been reported to be associated with NAFLD. 12 Vitamin D deficiency is also an independent risk factor for development of NASH and is associated with its histological severity. 13 Magnesium (Mg þþ ) is an abundant cation in the human body that is known to be involved in multiple physiological pathways like cellular energy metabolism, DNA transcription, protein synthesis and electrolyte balance.
14 Magnesium is also a vital cation in neuromuscular function and bone formation.
14 Serum magnesium concentration is tightly controlled; however, hypomagnesemia may occur as a consequence of increased renal excretion or decreased gastrointestinal absorption of magnesium. 15 Hypomagnesemia is therefore associated with osteoporosis, seizure, depression and several neuromuscular abnormalities. 16 Hypomagnesemia is also associated with diabetes mellitus, hypertension and dyslipidemia. 17, 18 This study aimed to investigate the association between hepatic steatosis and serum magnesium concentration in a young lean population without metabolic syndrome.
Methods and materials

Study participants
This retrospective study was conducted at Namazi University Hospital affiliated with Shiraz University of Medical Sciences, Shiraz, Iran. All of the study participants were first-degree relatives of pediatric patients in our liver transplant waiting list due to liver cirrhosis or other indications for transplantation. These participants were apparently healthy individuals who had undergone liver biopsy for evaluation of liver histology between January 2012 and August 2015. Liver biopsies were performed as a routine pre-transplant check-up before living donor liver transplantation. Liver function tests, age, gender, weight, height, fasting plasma glucose, serum magnesium and lipid profile were recorded. Individuals with a history of chronic liver diseases such as autoimmune hepatitis, hepatitis B or C virus-induced hepatitis, hepato-billiary cancers, Wilson's disease, those with >10 g/day alcohol consumption, and individuals receiving some specific medications known to cause hepatic steatosis (amiodarone, valporic acid, etc.) were excluded from the study. NAFLD was defined as presence of steatosis in ! 5% of hepatocytes 19 in addition to the above-mentioned criteria. All donor candidates underwent ultrasound-guided liver biopsy using standard Tru-Cut needles. Tissue slides were prepared and stained with the hematoxylin and eosin staining method. Liver biopsy specimens were evaluated by one expert pathologist regarding presence and degree of hepatic steatosis and steatohepatitis. Hepatic steatosis was defined as presence of intracytoplasmic fat droplets displacing the nucleus to the cell periphery. Steatohepatitis was defined as presence of clues for hepatocyte injury such as ballooning and lobular inflammation in addition to steatosis. Individuals were divided into those without hepatic macrovesicular steatosis (grade 0), individuals with 5% hepatic macrovesicular steatosis (grade 1) and those with > 5% macrovesicular hepatic steatosis (grade 2). Fibrosis score-4 (FIB-4) has been used for the noninvasive estimation of hepatic fibrosis in study participants. In NASH, a FIB-4 score < 1.30 is consistent with F0-F1 fibrosis and a FIB-4 score > 2.67 is consistent with F3-F4 fibrosis. 20 
Ethics and consent
The study protocol including benefits and harms was explained for study participants and written informed consents were obtained. The study was approved by the ethical committee of Shiraz University of Medical Sciences. The study protocol was carried out in accordance with the Declaration of Helsinki as revised in Seoul 2008.
Statistical analysis
Student's t-test was used for comparisons of continuous variables, Chi-square test was used for comparison of categorical variables. Data were presented using means AE standard deviation for numeric variables, and percentages and counts for categorical variables. Logistic regression analysis was used to evaluate association of different risk factors with liver steatosis and steatohepatitis in liver biopsies. A one-way analysis of variance (ANOVA) and post-hoc Tukey test were used to evaluate the differences of mean serum magnesium between those without hepatic macrovesicular steatosis (grade 0), individuals with 5% hepatic macrovesicular steatosis (grade 1) and those with > 5% macrovesicular hepatic steatosis (grade 2). ANOVA and post-hoc Tukey test were also used to evaluate the differences of mean serum magnesium between those with normal liver biopsy, those with only steatosis and those with steatohepatitis in liver biopsy. The optimal cutoffs of serum magnesium in association with hepatic steatosis and steatohepatitis in liver biopsies were calculated based on receiver operating characteristics (ROC) curve analysis using area under the curve (AUC). Statistical analysis was performed with SPSS 18.0 (SPSS Inc, Chicago, IL, USA). A p value of <0.05 was considered statistically significant.
Results
A total of 226 individuals (143 female and 83 male) were included. Eighty-two individuals (36.2%) had hepatic steatosis, among them 22 (9.7%) individuals had steatohepatitis and steatosis in their liver histology. Fifty-five individuals (24.3%) had NAFLD (presence of steatosis in ! 5% of hepatocytes). None of the participants had diabetes mellitus and hypertension. (Table 1 ). In multivariate logistic regression analysis, higher FPG, higher alkaline phosphatase and lower serum magnesium concentration were independently associated with hepatic steatosis (Table 2) . Participants were divided as to dose without steatosis, individuals with 5% steatosis and those with >5% steatosis. In one-way ANOVA analysis, there was a statistically significant difference between these three groups in terms of serum magnesium concentration (F (2,147) ¼ 8.923, p < 0.001). A post hoc Tukey test revealed that serum magnesium concentration was significantly lower in individuals with 5% steatosis (2.04 AE 0.29 mg/dl) compared to individuals without steatosis (2.23 AE 0.31 mg/dl) (p ¼ 0.006). Serum magnesium concentration was significantly lower in individuals with > 5% steatosis (1.91 AE 0.51 mg/dl) compared to individuals without steatosis (2.23 AE 0.31 mg/dl) (p ¼ 0.002) (Figure 1) .
In one-way ANOVA analysis, there was a statistically significant difference between those without steatosis, those with only steatosis and those with steatohepatitis in terms of serum magnesium concentration (F (2,147) ¼ 8.923, p < 0.001). A post hoc Tukey test revealed that serum magnesium concentration was significantly lower in individuals with steatosis (2.07 AE 0.29 mg/dl) compared to individuals without steatosis (2.23 AE 0.31 mg/dl) (p ¼ 0.020). Serum magnesium concentration was significantly lower in individuals with steatohepatitis (1.80 AE 0.48 mg/dl) compared to individuals without steatosis (2.23 AE 0.31 mg/dl, p < 0.001) and individuals with steatosis (2.07 AE 0.29 mg/dl, p ¼ 0.017) (Figure 2 ). A cutoff value of 2.05 mg/dl for serum magnesium was a predictor of the presence of steatohepatitis in liver biopsies (sensitivity ¼ 61%; specificity ¼ 86%; AUC ¼ 0.773; p ¼ 0.001).
Discussion
Results of the present study showed that lower serum magnesium concentration was independently associated with biopsy-proven hepatic steatosis and steatohepatitis. While comparing those with only steatosis and those with steatohepatitis in liver biopsies, serum magnesium was significantly lower in participants with steatohepatitis. Therefore, serum magnesium could discriminate between hepatic steatosis and steatohepatitis. A cutoff value of 2.05 mg/dl for serum magnesium could predict the presence of steatohepatitis in liver histology with a rather good specificity and fair sensitivity. The other important finding was the high prevalence of biopsy-proven hepatic steatosis and NAFLD among our study population that consisted of asymptomatic, non-diabetic, young, healthy individuals. Although the majority had only mild degrees of hepatic steatosis, this signifies high burden of hepatic steatosis and steatohepatitis even in a young, healthy population. Whether these individuals will progress to higher degrees of steatosis or remain at the same stage is an interesting topic for future studies. Insulin resistance is supposed to be the main underlying mechanism in pathogenesis of NAFLD. 21 Magnesium plays a central role in insulin action and insulin regulates cellular magnesium concentration. 22 Insulin receptors are glycoproteins composed of two alpha-subunits and two beta-subunits with intrinsic tyrosine kinase activity. The initial step in insulin action on target cells is its binding to these receptors and activation of protein kinase. 23 Activation of protein kinase results in initiation of a signaling cascade leading to increased glucose uptake by several tissues. A decreased magnesium level has been suggested to cause decreased tyrosine kinase activity and subsequent decreased ability of insulin to stimulate glucose uptake in adipose tissue and skeletal muscle. 24 It seems that magnesium is involved in glucose transport in the insulin signaling pathway. 25 Decreased magnesium level may also lead to insulin resistance by decreased cellular glucose utilization.
Epidemiological evidence supports an association between decreased serum magnesium level and diabetes/metabolic syndrome. A cross-sectional study in Brazil showed that serum and intracellular magnesium levels were lower in patients with components of metabolic syndrome like obesity, insulin resistance and patients with moderate to severe hepatic steatosis on ultrasound. 26 A strong inverse association has been also observed between serum magnesium and glycemic indices and insulin resistance in the pre-diabetes stage. 27 Magnesium deficiency was also seen in association with insulin resistance in obese children. 28 A large Canadian cohort study showed that higher dietary magnesium intake is associated with low insulin resistance measured by homeostatic model assessment model for insulin resistance (HOMA-IR) . 29 Results of another large cohort were in favor of a protective role of dietary magnesium against metabolic syndrome. 30 Based on these findings, some studies have investigated whether magnesium supplementation will improve the insulin resistance component of metabolic syndrome including glycemic indices and lipid profile. A recent metaanalysis of randomized clinical trials reported beneficial effects of magnesium supplementation on glucose metabolism. This review revealed that magnesium treatment reduced FPG in patients with diabetes mellitus and improved insulin resistance and two hours postprandial glucose in those at risk of diabetes mellites. 31 As described previously, a significant proportion of NAFLD patients do not fulfill criteria for metabolic syndrome. These patients are usually non-obese and called metabolically obese but normal weight (MONW). The main underlying mechanism in this subset of patients is again supposed to be insulin resistance as reflected by HOMA-IR. 32 These patients may show the phenotype of insulin resistance regardless of the presence of other components of metabolic syndrome. 32 Therefore, magnesium may have a pivotal role in hepatic steatosis in this subgroup of patients because of its role in the insulin signaling pathway and insulin resistance. These patients have higher visceral adiposity and higher body fat mass compared to non-NAFLD healthy individuals. 33 Weight gain, higher cholesterol and fructose intake have been also reported in the pathogenesis of these patients. 34, 35 Our results showed that higher FPG and higher serum TG levels were independent predictors of hepatic steatosis and steatohepatitis, respectively. These findings are in consistent with previous studies demonstrating higher serum TG and FPG levels as risk factors of lean NAFLD. 36 The association of serum magnesium with hepatic steatosis has been shown previously in a study with a limited number of patients. 37 In the mentioned study a group of patients with hepatic steatosis with alcoholic liver disease and NAFLD were compared to healthy individuals. Patients with hepatic steatosis had lower magnesium levels compared to the healthy controls. Patients with alcoholic liver disease are usually malnourished and hypomagnesemia is anticipated in these patients. 38 Therefore, the major caveat in the mentioned study is including patients with alcoholic liver disease with NAFLD patients. Furthermore, hepatic steatosis was confirmed using ultrasound in the mentioned study. 37 Another study investigated the association of hypomagnesaemia with insulin resistance in obese patients. In a sub-group of patients undergoing liver biopsy, lower serum magnesium was associated with NASH. 39 The mentioned study was conducted among obese individuals with insulin resistance and only 33 patients had liver biopsy. Results of a recent in vitro study supported the role of magnesium in pathogenesis and treatment of NAFLD. In this study magnesium isoglycyrrhizinate treatment of the hepatic L02 cell line inhibited lipid accumulation and apoptosis in these cells via suppression of unfolded protein response and inhibition of nuclear factor-kB (NF-kB) in hepatic cells overloaded with lipid. 40 To the best of our knowledge, the present study is the first that reports an association of serum magnesium concentration with hepatic steatosis diagnosed with liver biopsy in a normal population. This study suggests lower serum magnesium may be involved in the pathogenesis of NAFLD. Our study also reported prevalence of biopsy-proven NAFLD in a population of apparently healthy non-diabetic individuals. Although most of our study participants had mild degrees of steatosis and steatohepatitis, this is an important issue showing high prevalence of hepatic steatosis in a normal population. The most important limitation of the study is the impact of nutritional status on serum nutrients including magnesium. However, none of the study participants were malnourished and lower serum magnesium cannot be attributed to malnourishment.
In conclusion, our results suggested that decreased serum magnesium is associated with hepatic steatosis and steatohepatitis in normal non-diabetic individuals. However, few data are still available about the impact of hypomagnesemia on NAFLD and these results should be validated in larger studies.
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